Since hypertension intensifies the development of atherosclerosis, effects of hypertension on the lipid composition of aortic intima-media of male rats were studied. Concentrations of cholesterol, both esterified and unesterified, and of phospholipid were increased, and the concentration of triglyceride was decreased in aortas of hypertensive rats maintained on a stock diet. Changes in free cholesterol, phospholipid, and triglyceride are believed to be concomitants of medial hypertrophy, which was pronounced in aortas of hypertensive rats. Changes in esterified cholesterol, however, may be attributable to an influence of plasma lipids on aortic lipids. Cholesteryl ester, quantitatively a minor lipid component of the aorta, shows a larger increase with hypertension than other lipid classes. The resemblance between fatty acid compositions of aortic and plasma cholesteryl esters was strong, and persisted when the composition of plasma cholesteryl esters was altered by diet. These results suggest that most of the aortic esters originated in the plasma, and support the concept that hypertension intensifies the development of atherosclerosis by increasing the net transfer of lipid from plasma to vessel.
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heparinized syringe. Plasma was immediately separated by centrifugation at 4°C.
Tissues.-The segment of aorta from the heart to the diaphragm was excised. Intima-media was isolated (5) , and used in all experiments described here. The tissue was washed several times with ice-cold saline during the dissection.
Lipid Analyses.-Intima-media was homogenized in 20-50 volumes of chloroform-methanol 2 : 1 (v/v) in an all-glass homogenizer immersed in an ice bath. After standing overnight in a refrigerator, the homogenate was filtered through sharkskin filter paper previously washed with chloroform-methanol. Extracts were washed twice by the method of Folch et al. (6) . Lipid extracts were prepared from plasma by adding 20 volumes of chloroform-methanol to 1 volume of plasma, and then proceeding as described for the tissues.
Samples of lipid extracts were analyzed for total cholesterol by the procedure of Zlatkis et al. (7) after saponification by the method of Abell and co-workers (8) . Triglycerides were determined by the micromethod of Van Handel (9) . The weight of triglyceride was calculated by using 858 as the molecular weight of an average triglyceride. Lipid phosphorus was measured by the method of Bartlett (10) . The mass of phospholipid was calculated by multiplying the lipid phosphorus by 25. Free and esterified cholesterol were separated by thin-layer chromatography on silica gel plates 0.25 mm thick and 20 cm long. Rhodamine 6G was incorporated into the silica gel layers during their preparation. Plates were developed in hexane : ethyl ether : acetic acid, 83 : 17 : 1. Zones corresponding to cholesterol and cholesteryl esters were located with the aid of standards by examing the plates under ultraviolet light, and eluted.
Gas-Liquid Chromatography.-Cholesteryl esters were isolated by means of thin-layer chromatography. Methyl esters were prepared by the procedure of Morrison and Smith (11) . Absolute amounts of cholesteryl esters were determined by adding a measured amount of trimargarin to each sample as internal standard before methylation. Methyl esters were fractionated by gasliquid chromatography in a Barber-Colman model 5000 gas ehromatograph equipped with a hydrogen flame detector. A U-shaped glass column, 6 feet long and 6 mm i.d., packed with 15% ethylene glycol succinate on 80/100 Gas Chrom P (Applied Sciences Laboratories) was used. The temperature of the column was 180°, detector, 250° and flash heater, 230°C. Carrier gas was nitrogen with a flow rate of 50 ml/min. Peak areas were measured with a disc chart integrator. Quantitative results with standard mixtures of methyl esters (KA, KB, KC, and KD) Circulation Ruetrcb, Vol. XXXI, Siptembtr 1972 obtained from Applied Science Laboratories agreed with the stated compositions with a relative error of less than 5% for the major components (>10* of the total) and 3-14% for minor components (<10% of the total). Peaks were identified by comparing their retention times with standards (Applied Science Laboratories).
Inulin Space.-Each aorta was placed in 2 ml of Krebs-Ringer-bicarbonate solution (pH 7.4) containing inulin-carboxyl- 14 C, 250,000 dpm. The flasks were incubated for 2 hours at 37°C in an atmosphere of 95% O 2 -5% CO 2 in a Dubnoff metabolic shaker. The procedure described by Maffly et al. (12) was then followed.
Nitrogen.-Tissue nitrogen contents were determined by Kjeldahl digestion followed by nesslerization (13) .
•Chemicals.-All solvents were redistilled before use. Inulin-carboxyl- 14 C was obtained from New England Nuclear Corporation.
Results
The concentration of aortic lipids was compared in hypertensive rats 17-20 weeks old and normotensive controls maintained on the stock diet. Average values for aorta nitrogen were 1.34 ± 0.04 mg in the normotensive group and 2.47 ± 0.05 mg in the hypertensive. These values of nitrogen correspond to 8.47 and 15.6 mg dry weight of tissue, respectively. Table 1 shows that concentrations of cholesterol and phospholipid were elevated in the hypertensive group (P < 0.01), but concentration of triglyceride was decreased (P<0.05). Concentrations of lipids in plasma of these rats are also shown in Table 1 . Concentrations of cholesterol, phospholipids, and triglyceride are elevated in plasma of the hypertensive group. The ratio of cholesteryl ester to unesterified cholesterol is normal in the plasma of hypertensive rats (unpublished observations); therefore concentrations of both forms of cholesterol are elevated in plasma. Table 2 shows free and esterified cholesterol determined in other groups of aortas. The bulk of the tissue cholesterol was free in all samples. Concentrations of both forms of cholesterol increased with age in normotensive and hypertensive rats, but change in esterified cholesterol was more pronounced. With hypertension, the change in esterified was greater than the change in free cholesterol. The number of analyses is given in parentheses. Intima-media from individual rats was analyaed for cholesterol and phospholipid; pooled aortic samples from three rats were analyzed for triglyceride. N = tissue nitrogen. Analyses were performed on plasma from individual rats. Normotensive (7) Hypertensive (10) Normotensive (3) Hypertensive (3) Normotensive (4) Hypertensive ( When rats were placed on the atherogenic diet, aortic cholesteryl ester increased in all animals, but free cholesterol was affected in the hypertensive group only. Experiments were performed to determine if the amount of cholesteryl esters in aortic media-intima could be related to the amount of extracellular space in the tissue. The inulin space was measured in three normotensive and three hypertensive rats to determine how the extracellular space of rat aorta varies with hypertension. The inulin space comprised 63, 65, and 69$ of the total tissue water in the normotensive group and 59, 61, and 64% in the hypertensive (P<0.1). These results are not conclusive, but they suggest that the extracellular space may decrease with hypertension if it changes at all.
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TABLE 2
Effects of Hypertension and Dtel on Aortic Cholesterol
The fatty acid composition of aortic cholesteryl esters was studied in hypertensive rats only. Results of analyses of pooled samples of aorta and plasma from rats on the stock diet are shown in Table 3 (experiments 1 and 2). The cholesteryl ester composition of each sample of aorta is similar, though not identical, to that of the corresponding plasma. Cholesteryl oleate (18:1) and stearate (18:0) are relatively more abundant, and cholesteryl linoleate (18:2) relatively less abundant, in aorta than in plasma. Cholesteryl arachidonate (20:4) is the major cholesteryl ester in aortas of rats on the stock diet. The composition of cholesteryl esters of aorta and plasma does not appear to vary significantly with age of the rats or duration of hypertension.
The composition of cholesteryl esters in rats on the atherogenic diet is shown in Table 3 (experiments 3-6). A pronounced change in the composition of cholesteryl esters occurred in aorta and plasma in response to the diet. There is a general resemblance between the composition of aorta and plasma, and cholesteryl oleate (18:1) 
Aorta Plasma (5) Aorta Plasma
Aorta Plasma (4) Aorta Plasma (3) Aorta Plasma 16.0 tr Analyses were performed on pooled samples from the number of rats indicated in parentheses. *The major fatty acids are presented although trace amounts ( < 0.5%) of other, unidentified, fatty acids were present.
fNumber of carbon atoms : number of double bonds.
arachidonate, however, is significantly higher in aorta than in plasma (P < 0.05).
Discussion
The experiments described in this report show that hypertension induces specific changes in the lipid composition of aortic intima-media of rats maintained on a stock diet. Concentrations of cholesterol, both free and esterified, and of phospholipid increase, and the concentration of triglyceride decreases. Concentrations of all classes of plasma lipids are increased in hypertensive rats; therefore changes in aortic lipids are not simply or directly related to changes in plasma lipids. These results confirm and extend a previous study in which it was shown that the total cholesterol concentrations in rat aorta increase with hypertension independently of the plasma cholesterol concentration (2) .
We propose that changes in concentrations of certain classes of aortic lipids in rats on the
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stock diet may be related primarily to medial hypertrophy, a long-recognized concomitant of hypertension (14) . The bulk of the aortic preparation used in this study was media (5). The marked difference between weights of tissues of hypertensive rats and controls indicates that aortas of the hypertensive rats had undergone hypertrophy. Although aortic elastin and collagen have been shown to increase with medial hypertrophy, the increase in the smooth muscle compartment of the tissue is disproportionately large (15, 16 ). An increase in the size of the cellular compartment would be expected to require the presence of additional cellular membranes. Free cholesterol and phospholipid, which are the principal lipid components of these membranes (17) , increase in aortas of hypertensive rats on the stock diet with essentially no change in the ratio of free cholesterol to phospholipid. It seems likely, therefore, that the increases in these lipids are related to 414 DALY hypertrophy of vascular smooth muscle. The foregoing comments do not necessarily apply to changes in aortic free cholesterol in hypertensive rats on the atherogenic diet. In these animals, levels of aortic free cholesterol are above those seen in animals of comparable age on the stock diet. It seems possible that some of the free cholesterol accumulating in vessels of rats on the atherogenic regimen may be in abnormal form, since previous histological work has demonstrated pathological accumulations of lipid in aortas of such animals (18) .
The concentration of triglyceride is decreased in intima-media of hypertensive rats on the stock diet. The aortic preparations used in the present study were completely devoid of adventitia and its associated adipose tissue (5) . If the triglyceride of intima-media serves as a reservoir of potential energy for the smooth muscle cells of the aortic media, a reduction in the concentration of aortic triglyceride could be a conceivable result of increased rate of utilization of triglyceride by vessels doing more mechanical work (14) . The rate of oxidative metabolism is elevated in aortas of hypertensive rats (15) , and triglyceride could provide part of the substrate.
Changes in aortic cholesteryl ester concentrations with hypertension appear to be the result of effects of plasma lipids on aortic lipid composition. The concentration of cholesteryl esters is higher in aortas of hypertensive rats than in controls, whether rats are maintained on the stock or the atherogenic diet. We have no information concerning the location of cholesteryl esters sequestered in the vessels of rats on the stock diet. It is unlikely that they are in plasma adherent to the surfaces of the vessels, which are washed thoroughly during dissection. Since it appeared possible that the increased cholesteryl ester in aortas of hypertensive rats might come from plasma or interstitial fluid trapped in the extracellular spaces of the tissue, the inulin space was measured. The water content of arterial walls increases with hypertension (19) , but it is not clear whether the increased water is intracellular, extracellular, or both. Measurements of inulin space reported here suggest that the extracellular space of rat aortic intima-media may be decreased, if affected at all, by hypertension. The higher content of cholesteryl esters in these tissues, therefore, is not related to an increase in extracellular space.
Previous studies of aortas of rats on the atherogenic diet showed the presence of lipid within cells as well as extracellularly in the subendothelial space and the inner media (18) . Presumably, some of this lipid is cholesteryl ester. A general similarity between fatty acid compositions of aortic and plasma cholesteryl esters exists in hypertensive rats maintained on either the stock diet or the atherogenic diet, which causes a 10-20-fold increase in plasma cholesterol levels (2), as well as a change in the fatty acid composition of plasma cholesteryl esters. A change in the composition of plasma cholesteryl esters in rats fed diets high in cholesterol content has been demonstrated by Gidez et al. (20) . Arterial tissues have the ability to esterify cholesterol (21, 22) . In the present experiments, however, concentrations of aortic cholesteryl esters increased when the vessels were exposed to large increases in plasma cholesteryl ester concentration, and the fatty acid composition of the aortic esters altered, acquiring a strong resemblance to the newly formed plasma cholesteryl esters. These results suggest that most of the cholesteryl esters originated in the plasma.
Despite the general similarity in fatty acid compositions of aortic and plasma cholesteryl esters, some differences were observed. In rats maintained on the stock diet, aorta contained relatively more cholesteryl stearate and oleate, and less linoleate, than plasma. Although rats on the stock diet do not develop atheroma, it is interesting that differences between cholesteryl ester compositions of aorta and plasma observed in these animals, such as a relative excess of oleate and deficiency of linoleate in the aorta, have been reported to be characteristic of atherosclerotic animals (21, 23) . As suggested by others, such differences may be caused by selective uptake, elimination, or The variation reported here between relative contents of cholesteryl arachidonate in aorta and plasma of rats on the atherogenic diet, however, could also be related to the dietary history of the animals. The rats were maintained on the stock diet for various periods before being placed on the atherogenic diet. Some of the excess arachidonate in aortas of rats on the atherogenic diet could therefore have accumulated during the prior period on the stock diet. Some support for this view was given by the results of experiments in which the duration of the two regimens was varied. Table 3 shows that, in animals maintained for similar periods on the stock diet and for different periods on the atherogenic diet, the percent of cholesteryl arachidonate in the aorta decreases with time on the atherogenic diet (experiments 3 and 4). Furthermore, the percent of arachidonate appears to increase with duration of the stock diet. Rats maintained on the stock diet for 36-44 weeks and for 7-9 weeks on the atherogenic diet (experiments 5 and 6) contain more cholesteryl arachidonate than rats maintained on the stock diet for 15-16 weeks and 6-11 weeks on the atherogenic diet (experiments 3 and 4). The absolute amounts of cholesteryl arachidonate accumulating in aortas of rats on the stock diet are consistent with the possibility that a large part of the cholesteryl arachidonate in the aorta at the end of the experiment could have accumulated during the period of the stock diet.
The concept that hypertension increases the passage of substances from blood to arterial wall is old, but relatively few studies of effects of hypertension on the passage of lipids from plasma to vessel have been made. Morphological studies have provided evidence that the permeability of arterial walls to components of the blood increases in hypertensive rats (25, 26) . Duncan et al. have shown that the rate of influx of labeled albumin from plasma to vessel is increased in hypertensive animals (27) . Hollander and his co-workers, however, found that rates of influx CircuUtion Resttrcb, Vol. XXXI, Stpttmitr 1972 of lipoproteins and concentrations of lipid were normal in aortic segments exposed to high blood pressure in dogs with coarctation of the aorta (28) . The present study shows that hypertension is associated with increases in the concentration of cholesteryl esters in aortas of rats on the stock diet, a regimen that does not lead to the development of atherosclerosis, as well as in rats maintained on an atherogenic diet. On the latter regimen, increases in cholesteryl esters occur in the absence of gross atherosclerotic lesions. The accumulation of cholesteryl esters is an early event in the development of atherosclerosis (21) . The relation of the specific accumulations of cholesteryl esters demonstrated here to the development of atherosclerotic lesions is not clear. The results, however, are consistent with the concept that hypertension intensifies the development of atherosclerosis by increasing the net transfer of lipid from plasma to vessel.
